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Abstract We used 1‐D and 3‐D velocity models to determine focal mechanism solutions (FMSs) of
349 crustal earthquakes (M 2.7–7.3) and stress tensors in the source area of the 2016 Kumamoto earthquake
(M 7.3) that occurred on the Futagawa‐Hinagu fault zone in Kyushu, Southwest Japan. There are some
differences in the FMSs determined with the 1‐D and 3‐D velocity models. The use of the 3‐D velocity
model leads to better results of stress tensors, which are determined by inverting the FMSs. The orientation
of the minimum stress (σ3) axis is more accurately determined, which trends NNW‐SSE to N‐S nearly
horizontally. In contrast, the axes of the maximum and intermediate stresses (σ1 and σ2) trendWSW‐ENE to
E‐Wwith wide ranges. Signiﬁcant spatiotemporal variations of the stress ﬁeld are revealed in the Kumamoto
source zone, indicating a small magnitude of deviatoric stress. The friction coefﬁcient of the faults is
estimated to be relatively small (~0.4), indicating that the seismogenic faults in central Kyushu are weak.
The fault weakening may be caused by ﬂuids beneath the source area and arc magma under the nearby Aso
active volcano.
1. Introduction
The Kumamoto earthquake with a magnitude (M) of 7.3 in the Japan Meteorological Agency scale
occurred on 16 April 2016 in Kyushu Island, Southwest Japan, which resulted in more than 50 fatalities
and widespread structural damage in the source area. This earthquake sequence took place in the
Futagawa‐Hinagu fault zone (Asano & Iwata, 2016; Hao et al., 2017; Kato et al., 2016; Yagi et al., 2016).
It initiated at the Hinagu fault segment (oriented NNE‐SSW to NE‐SW) with two large foreshocks (M 6.5
and M 6.4) on 14 and 15 April, respectively, and then propagated toward the intersection with the
Futagawa fault segment (oriented NE‐SW to ENE‐WSW) and ceased near the Aso active volcano with a
normal fault motion (Hao et al., 2017; Zhang et al., 2018; Figure 1a). The Futagawa‐Hinagu fault zone is
located in central Kyushu. Kyushu is divided by a large right‐lateral shear zone in terms of its geologic
and mechanical features. The shear zone is a westward extension of the Median Tectonic Line
(Figure 1a), which is the largest active fault in SW Japan (e.g., Okada, 1980; Yeats, 2012). The fast
(~7 mm/year) right‐lateral slip of the Median Tectonic Line accounts for ~25% of the margin‐parallel
motion across the Nankai Trough (Loveless & Meade, 2010). In addition, the 2016 Kumamoto earthquakes
occurred within the Beppu‐Shimabara Graben (Figure 1a), a rift zone transecting in the E‐W direction in
central Kyushu, where a N‐S extension is taking place (Matsumoto, Nakao, et al., 2015; Savage et al.,
2016; Takayama & Yoshida, 2007), and the oblique subduction of the Philippine Sea (PHS) plate has
strongly affected its formation (Itoh et al., 2014; Zhao et al., 2018). The average horizontal slip rate of the
Futagawa‐Hinagu fault zone has been ~0.88 mm/year in the late Quaternary (Tsutsumi & Okada, 1996).
Obviously, the nucleation and rupture processes of the 2016 Kumamoto earthquake were related to the
Futagawa‐Hinagu fault zone (Asano & Iwata, 2016; Kato et al., 2016), whereas several recent studies have
suggested that the earthquake generation was also affected by arc magma and ﬂuids in the Kyushu
subduction zone (e.g., Lin et al., 2016; Z. W. Wang et al., 2017; Yagi et al., 2016; Yoshida et al., 2016;
Zhao et al., 2018).
Stress magnitude and orientation are important parameters to understand the mechanics of earthquake
generation (Hardebeck & Hauksson, 2001). Intense local seismicity and the dense seismic network in the
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Figure 1. (a) Seismicity (gray crosses) in the source area of the 2016 Kumamoto earthquake (M 7.3). The white dots denote
349 earthquakes whose focal mechanism solutions are determined in this study. The red star shows the Kumamoto
mainshock (M 7.3). The blue stars show two major foreshocks (M 6.4,M 6.5). The red lines show the major active faults,
and the other small faults are shown as black lines. The red triangle denotes the active Aso volcano. The black dotted lines
show three subareas shown in Figures 6 and S12. The blue lines denote the coseismic slip model of the mainshock by
Zhang et al. (2018). The inset map shows the tectonic settings in the study region. BSG = the Beppu‐Shimabara Graben;
MTL = the Median Tectonic Line; OT = the Okinawa Trough. (b) Distribution of the 81 seismic stations (black squares)
used in this study. The red triangles denote active volcanoes.
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Kumamoto source area (Figure 1b) provide a unique opportunity to study focal mechanism solutions
(FMSs) of crustal earthquakes as well as spatial and temporal variations of the stress ﬁeld. Previous studies
have generally adopted one‐dimensional (1‐D) seismic velocity models to investigate the stress ﬁeld in
Kyushu (e.g., Matsumoto, Nakao, et al., 2015; Savage et al., 2016; Yoshida et al., 2016). However, many
studies of seismic tomography have revealed strong seismic velocity variations in Kyushu, such as low‐
velocity anomalies related to the arc magma and ﬂuids in the crust and upper mantle wedge, and the
subducting PHS slab that exhibits a strong high‐velocity anomaly (e.g., Liu & Zhao, 2014, 2015; Z. W.
Wang et al., 2017; Z. Wang & Zhao, 2006a, 2006b; J. Wang & Zhao, 2012; Xia et al., 2008; Yu et al., 2018;
Zhao, 2015; Zhao et al., 2000). The strong seismic velocity variations certainly affect the computation of
azimuths and take‐off angles of the P wave rays at the hypocenter, which are required to determine the
FMSs and stress tensors using the P wave ﬁrst‐motion data (e.g., Horiuchi et al., 1995; Huang et al.,
2011; Zhao et al., 1997).
To reduce the effect of structural heterogeneities in the crust and upper mantle, in this work we use a high‐
resolution three‐dimensional (3‐D) velocity model (Yu et al., 2018) to calculate azimuths and take‐off
angles of the P wave rays at the hypocenter and to determine the FMSs of 349 crustal earthquakes and
stress tensors in the Kumamoto source area. We compare the stress inversion results obtained with the
1‐D and 3‐D velocity models. Then we investigate spatiotemporal variations of the stress ﬁeld in the study
region and discuss the fault mechanics and generation of the 2016 Kumamoto earthquake (M 7.3). The
results of this work shed new light on the earthquake generation and crustal dynamics in the Kyushu
subduction zone.
2. Data and Method
We used the ﬁrst P wave polarity data of local crustal earthquakes that occurred during 1 June 2002 to 31
December 2017, which were recorded at the Japan Meteorological Agency and Hi‐net seismograph stations
installed in and around Kyushu Island (Figure 1b). Each of the selected earthquakes was recorded at over 15
stations with P wave polarity data. All the events are located beneath the dense seismic network with focal
depths of 0–50 km. All the selected events are relocated using the 3‐D velocity model of Yu et al. (2018;
Figure S1b in the supporting information). Uncertainties of the hypocentral locations are estimated to be
smaller than 5 km, and about 92% of them are small than 2 km. As a result, 349 events (M 2.7–7.3) recorded
at 81 seismic stations are selected for this study (Figure 1), which generated a total of 10,214 P wave
polarity data.
Azimuths and take‐off angles of P wave raypaths at the hypocenters are calculated precisely using the 3‐D
ray tracing technique of Zhao et al. (1992) for both a 1‐D velocity model (Kennett & Engdahl, 1991;
Figure S1a) and a 3‐D velocity model (Yu et al., 2018; Figure S1b). Double‐couple FMSs of the 349 events
are determined by minimizing the number of inconsistent polarity data by applying a grid search algorithm
(Horiuchi et al., 1995; Figures S2–S11 and Data Set S1). The step in the grid search is 3° for both the strike
and dip of the nodal planes. The inconsistent ﬁrst motions from the 335 (325) events using the 3‐D (1‐D)
velocity model are less than 5% of the total polarity data.
The method of Vavryčuk (2014) is applied to the obtained FMSs to invert for stress tensors in the
Kumamoto source area. This method adopts an approach of iterative joint inversion for stress tensor and
fault orientations from a set of FMSs. The fault instability constraint (Lund & Slunga, 1999) is applied to
determine the fault orientations, then the stress tensor is determined iteratively rather than in a single step
(Michael, 1984). Meanwhile, the average friction coefﬁcient of faults is also determined by the inversion
(Vavryčuk, 2014, 2015). This stress inversion method is based on several assumptions (Vavryčuk, 2014):
(1) the stress is uniform in a study region, (2) earthquakes occur on the faults with varying orientations,
and (3) the slip vector points in the direction of shear stress on the fault (the so‐called Wallace‐Bott hypoth-
esis; Bott, 1959; Wallace, 1951). The four resolvable parameters are orientations of the three principal stres-
ses and the stress ratio (Gephart & Forsyth, 1984). The stress ratio is deﬁned as R = (σ1 − σ2)/(σ1 − σ3),
where σ1, σ2, and σ3 are the maximum, intermediate, and minimum stresses, respectively. The joint inver-
sion method can yield an accurate value of the stress ratio as well as orientations of the principal stress axes
(Vavryčuk, 2014, 2015).
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3. Results
3.1. Focal Mechanisms and Stress Tensors
Figure 2 shows the differences in the azimuths and take‐off angles of the 10,214 P wave rays determined for
the 1‐D and 3‐D velocity models (Figure S1). The take‐off angles show larger differences than the azimuths.
The differences are small for most of the events, being ≤1° for the azimuth and ≤2° for the take‐off angle
(Figure 2), but they are as large as 8° for some rays with short epicentral distances (<100 km; Figure 2b).
About 5.6% of the take‐off angles show large differences (>4°).
The obtained FMSs are plotted in Figure 3. The 1‐D and 3‐D velocity models result in similar FMSs, andmost
of them are robust, though a few are not well determined because they have fewer polarity data (Figures S2–
S11). For the two major foreshocks (M 6.4 and M 6.5) and the mainshock (M 7.3) of the 2016 Kumamoto
earthquake, our FMSs are similar to those determined by the seismic network (the H‐net). The compres-
sional (P) and extensional (T) axes of the 349 FMSs also show small differences between the 1‐D and 3‐D
velocity models (Figure 4). The P axes are generally subvertical and oriented approximately WSW‐ENE,
whereas the T axes are generally horizontal and oriented approximately NNW‐SSE (Figure 4).
Figure 5 shows results of the stress inversions from the FMSs obtained with the 1‐D and 3‐D velocity models
(Figures S1–S11). Similar to the FMS results (Figure 4), the σ3 axes are nearly horizontal and oriented
approximately NNW‐SSE (Figure 5). The σ1 axes mainly trend WSW‐ENE, showing nearly E‐W compres-
sional stress in central Kyushu, similar to the previous results (Savage et al., 2016). We calculated 1,000 rea-
lizations of noise to estimate uncertainties of the inversion results using the 1‐D and 3‐D velocity models.
Figure 2. Differences in the azimuth (a) and take‐off angle (b) of the 10,214 ﬁrst P wave rays calculated with the 1‐D and
3‐D velocity models (Figure S1), which are plotted against the epicentral distance. The number versus the angular
difference (°) in the azimuth (c) and take‐off angle (d) of the 10,214 ﬁrst P wave rays.
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Figure 3. Focal mechanism solutions of the 349 crustal earthquakes in the 2016 Kumamoto earthquake area, which are
determined using the 3‐D velocity model of Yu et al. (2018). The earthquake magnitude scale and the location map are
shown at the lower right corner. The focal mechanism solutions of the Kumamoto mainshock (M 7.3) and two major
foreshocks (M 6.4,M 6.5) determined by the Hi‐net are also shown in large beach balls. The red triangles denote the active
volcanoes. The black lines denote the active faults.
Figure 4. Distribution of the P and T axes of the 349 focal mechanism solutions determined using the (a) 1‐D and (b) 3‐D
velocity models.
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The uncertainties are estimated as the maximum differences between the inversion results (Vavryčuk, 2014,
2015). Table 1 and Figure 5 indicate that the 3‐D velocity model leads to a better solution of the stress tensor
than that with the 1‐D velocity model. The obtained stress ratio is low (~0.12), which means that σ1 and σ2
have a small difference in magnitude. The overall friction coefﬁcient is estimated to be 0.40.
3.2. Spatial Variation of the Stress Field
The study region is divided into three subareas to investigate if there is any spatial variation in the stress
ﬁeld: the Hinagu fault area (area‐I), the Futagawa fault area (area‐II), and the area north of the Aso volcano
(area‐III; Figure 1a). The number of events inverted in the three areas is 189, 47, and 63, respectively.
Figures 6 and S12 show the inversion results for the three areas using the 3‐D and 1‐D velocity models,
respectively. The stress axes for the 3‐D velocity model show smaller scatters and uncertainties than those
for the 1‐D velocity model in area‐I where 189 FMSs are inverted (Figures 6a and S12a). The σ1 axis is nearly
vertical in area‐II, but the plunge of the σ1 axis has large uncertainties in area‐I and area‐III (Figures 6 and
S12). The σ3 axes are stably determined in the three areas, being oriented NNW‐SSE and nearly horizontally
with plunges of 2–7° (Figure 6). The dominant direction of the σ3 axis is roughly parallel to the spreading
direction at the Okinawa Trough (Figure 1a; Tada, 1985), indicating ongoing extensional tectonics at present
Figure 5. Results of stress tensor inversions using the 10,214 Pwave polarity data determined with the (a) 1‐D and (b) 3‐D
velocity models (Figure S1). (left column) The red circles and blue crosses denote the P and T axes, respectively, with
retrieved principal stress directions (the black circle, x and + symbols). (middle column) Conﬁdence ranges of the
principal stress directions. The maximum, intermediate, and minimum principal stress axes are shown in red, green, and
blue dots, respectively. (right column) Histograms of the stress ratio (R).
Table 1
Results of Stress Tensor Inversions and Estimated Errors for the 2016 Kumamoto Source Area
Velocity model σ1 azimuth/plunge σ2 azimuth/plunge σ3 azimuth/plunge R
1‐D 256.0°/77.4° ± 24.3° 81.7°/12.5° ± 24.3° 351.5°/1.2° ± 1.8 0.13 ± 59%
3‐D 254.8°/73.4° ± 19.3° 81.4°/16.5° ± 19.3° 350.9°/1.8° ± 1.4 0.12 ± 55%
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(Matsumoto, Nakao, et al., 2015; Zhao et al., 2018). The stress ratio also shows spatial variations (Figure 6).
In the central part of the Kumamoto source zone (area‐II), R is larger (0.32) than those in the southern (0.08,
area‐I) and northern (0.16, area‐III) parts (Figure 6).
3.3. Temporal Variation of the Stress Field
To investigate temporal variations of the stress ﬁeld, we ﬁrst divided our data set into subsets in three peri-
ods: (a) before theM 6.5 foreshock (from 14 June 2002 to 13 April 2016), (b) between theM 6.5 foreshock and
theM 7.3 mainshock (from 14 to 15 April 2016), and (c) after theM 7.3 mainshock (from 16 April 2016 to 31
December 2017; Figures 7 and S13), which are nearly the same as those made by Yoshida et al. (2016) in their
stress study of the Kumamoto earthquake area. The number of events in the three time periods is 62, 48, and
239, respectively. Similarly, the 3‐D velocity model leads to a more accurate σ3 axis than that with the 1‐D
velocity model when many FMSs (239) are inverted in the time period T‐c (Figures 7c and S13c). The σ3 axis
had a 16° counterclockwise rotation after the M 6.5 foreshock (from 178° [T‐a] to 162° [T‐b]) but rotated
clockwise from 162° (T‐b) to 171° (T‐c) after the M 7.3 mainshock (Figure 7). This result of stress rotation
is similar to that obtained by Yoshida et al. (2016), but the orientation of the σ3 axis shows some differences
(Yoshida et al., 2016). After theM 6.5 foreshock, the stress ratio changed from 0.16 to 0.36 (Figure 7), but it
Figure 6. The same as Figure 5 but for three subareas whose locations are shown in Figure 1a. The 3‐D velocity model is
used.
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became small again (0.17) after theM 7.3 mainshock (Figure 7). The σ1 axis became subvertical after theM
7.3 mainshock but with a large uncertainty.
We also divided our data set into subsets in eight time windows (Figure 8). In each time window, there are at
least 20 events that have a nearly uniform distribution of epicenters in the study area (Figure 8). Figures 9–11
show the inversion results with the 3‐D velocity model in the eight time windows, whereas Figures S14–S16
show the inversion results with the 1‐D velocity model. The stress tensors are determined more accurately
with the 3‐D velocity model when many FMSs (113) are inverted (Figures 10d, 11d, S15d, and S16d).
However, the σ1 axis is located over a wide range and overlaps with the σ2 axis at many grid nodes (T1,
T2, and T6; Figures 10 and S15), suggesting that the σ1 and σ2 axes are hard to distinguish from each other,
which was also pointed out by a previous study (Matsumoto, Nakao, et al., 2015). As a whole, the σ3 axis
orientation is better resolved, which shows signiﬁcant temporal variations (Figures 10 and 12a). Similar to
the results shown in Figure 7, after theM 6.5 foreshock on 14 April, the σ3 axis had a 15° counterclockwise
rotation (T2 to T3; Figures 10 and 12). In contrast, the σ3 axis rotated clockwise from 172° (T3) to 179° (T4)
after theM 7.3 mainshock on 16 April (Figures 10 and 12). FromMay 2016 to December 2017 (T5–T8), the σ3
axis rotated clockwise slowly, though no large earthquake occurred nearby in that period (Figures 10 and
12). The stress ratio has been increased slowly after theM 7.3 Kumamoto mainshock (Figures 11 and 12b).
Figure 7. The same as Figure 5 but for three time periods (T‐a) before theM 6.5 foreshock, (T‐b) between theM 6.5 fore-
shock and the M 7.3 mainshock, and (T‐c) after the M 7.3 mainshock. The 3‐D velocity model is used.
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4. Discussion
The dominant azimuth of the minimum principal stress σ3 (T axis) is NNW‐SSE or N‐S in the 2016
Kumamoto earthquake area (Figures 4–7 and 12a). This σ3 direction is parallel to the spreading direction
at the Okinawa Trough (Figure 1; Tada, 1985). We agree to the notion that the extensional stress regime
in central Kyushu is attributed to the rollback of the PHS plate and the northward extension of the
Okinawa Trough (Matsumoto, Nakao, et al., 2015), as well as the existence of hot and wet mantle upwelling
under the Beppu‐Shimabara graben (Zhao et al., 2018). The PHS plate is located southeast of the Kyushu
Island (Figure 1) and drives the extension on Kyushu by its rollback, which has induced the back‐arc spread-
ing at the Okinawa Trough (Kamata & Kodama, 1999). Stress and strain rates estimated from GPS data are
Figure 8. Epicentral distribution of the earthquakes (open circles) in the eight time windows (T1–T8). The time period of
each window is shown above each map. The earthquake magnitude scale is shown at the bottom. The blue dots denote
the M 7.3 Kumamoto mainshock and two major foreshocks (M 6.5, M 6.4). The other labeling is the same as that in
Figure 1.
10.1029/2018JB017079Journal of Geophysical Research: Solid Earth
YU ET AL. 2646
well correlated, also suggesting that the stress ﬁeld in Kyushu is caused by the present plate motions (Savage
et al., 2016).
Signiﬁcant seismic velocity variations in the crust and upper mantle beneath the Kumamoto source area
have been revealed by many tomographic studies (e.g., Liu & Zhao, 2014, 2015; J. Wang & Zhao, 2012;
Z. W. Wang et al., 2017; Yu et al., 2018; Zhao et al., 2018). Our results show that the 3‐D velocity model
leads to a decrease of the number of inconsistent polarity data and so a better stress inversion result
(Figure 5), similar to the study of the stress ﬁeld in the 1994 Northridge earthquake area (Zhao et al.,
1997). Vavryčuk (2015) suggested that the accuracy of a stress inversion result is strongly inﬂuenced by
the data noise and the number of focal mechanisms inverted. In this study, we ﬁnd that a small number
(<50) of FMSs would lead to a large difference in the stress results, no matter whether the 1‐D and 3‐D velo-
city models are adopted: for example, the σ1 and σ2 axes (Figures 7a and S13a) and the stress inversion
results for the time windows T1, T2, and T6 (Figures 10a, 10b, 10f, S15a, S15b, and S15f). The σ1 and σ2
Figure 9. Distribution of P and T axes with retrieved principal stress directions for the eight time windows shown in
Figure 8. The number of earthquakes used in each time window is shown in the bracket on the top. The 3‐D velocity
model is used. The other labeling is the same as that in Figure 5.
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may be close in magnitude and so their directions are difﬁcult to resolve (Figures 10 and S15). However, as
mentioned above, the 3‐D velocity model can generally lead to better stress inversion results when a
sufﬁcient number of FMSs are used (Figures 5, 6c, 7a, S12a, and S13c). The FMSs and stress tensors
determined with the 1‐D and the 3‐D velocity models generally exhibit small differences (Figures 2 and
5), suggesting that a reasonable 1‐D velocity model can result in accurate enough FMSs and stress
tensors, as shown by some previous studies in Japan (e.g., Huang et al., 2011; Yukutake et al., 2007).
Based on the assumption that stress rotation is related to the deviatoric stress (Hardebeck & Hauksson,
2001), Yoshida et al. (2016) showed that the deviatoric stress is small (<10 MPa) in the Kumamoto earth-
quake area. Such a small deviatoric stress was also found in a few other large earthquake source areas in
Japan (e.g., Hasegawa et al., 2012; Huang et al., 2011; Matsumoto, Katao, & Iio, 2015; Yoshida et al., 2015,
2014). The small magnitude of deviatoric stress indicates that the stress orientation would be easily chan-
ged by a local large earthquake and that the friction coefﬁcient of faults is smaller than typical laboratory
values (Townend & Zoback, 2000). In this study, the overall friction coefﬁcient is estimated to be 0.4 by
Figure 10. Conﬁdence ranges of the principal stress directions for the eight time windows shown in Figure 8. The other
labeling is the same as those in Figures 5 and 9.
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the inversion of the FMSs. This value is relatively low because the friction coefﬁcients are usually
between 0.6 and 0.85 (Sibson, 1994). The obtained small friction coefﬁcient (0.4) is well consistent with
the previous result (Yoshida et al., 2016), suggesting that the active faults in the Kumamoto area
are weak.
One reason for the weak faults may be the effect of arc magma and ﬂuids ascending from the mantle wedge
to the crust (e.g., Nimiya et al., 2017; Z. W. Wang et al., 2017; Yagi et al., 2016; Yoshida et al., 2016; Zhao
et al., 2018). Recent tomographic studies show that the 2016 Kumamoto earthquake occurred in a strong
patch (with a low attenuation and a high velocity) in the upper crust but was underlain by arc magma
and ﬂuids in the lower crust and upper mantle wedge (with a high attenuation and a low velocity; H.
Wang et al., 2018; Z. W. Wang et al., 2017; Zhao et al., 2018). Many studies have demonstrated that ﬂuids
and arc magma exist under the Aso active volcano near the Kumamoto source zone: for example, a high‐
temperature (over ~500 °C) anomaly at ~3‐km depth beneath the Aso caldera (Okubo & Shibuya, 1993),
a prominent low‐velocity anomaly indicating a magma chamber (H. Wang et al., 2018; Xia et al., 2008;
Yu et al., 2018; Zhao et al., 2018), a broad low‐viscosity anomaly in the lower crust (Moore et al., 2017),
a large velocity reduction caused by pressurized volcanic ﬂuids (Nimiya et al., 2017), and volcanic rocks
containing components of slab‐derived ﬂuids (Kita et al., 2001). Coulomb stress changes indicate that the
Figure 11. Histograms of the stress ratio (R) for the eight time windows shown in Figure 8. The other labeling is same as those in Figures 5 and 9.
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high‐temperature and widespread ﬂuids around the Aso volcano also stopped the rupture of the Kumamoto
mainshock (Yue et al., 2017; Zhang et al., 2018). It is generally considered that arc magma and ﬂuids can
affect the generation of large crustal earthquakes in Japan (e.g., Liu & Zhao, 2015; Tong et al., 2012;
Zhao, 2015; Zhao et al., 1996). Therefore, the crustal ﬂuids beneath the source area likely reduced the fric-
tional strength of the Hinagu and Futagawa faults and so triggered the 2016 Kumamoto
earthquake sequence.
5. Conclusions
Focal mechanism solutions of 349 local crustal earthquakes and stress tensors in central north Kyushu are
determined using a large number of P wave polarity data and a 3‐D velocity model. The obtained T axis
trends NNW‐SSE or N‐S horizontally, and the P axis trends WSW‐ENE or E‐W. The direction of σ3 axis
is consistent with the spreading direction at the Okinawa Trough. The stress ﬁeld in the 2016 Kumamoto
earthquake area is attributed to rollback of the PHS plate and northward extension of the Okinawa
Trough. The orientation of the σ3 axis is well constrained, whereas the σ1 and σ2 axes are distributed in wide
ranges. With the 3‐D velocity model, the principal stress axes can be better determined by inverting a large
number of FMSs. Spatial and temporal variations of the stress ﬁeld are well revealed in the Kumamoto
source area. The σ3 axis signiﬁcantly rotated counterclockwise after the M 6.5 foreshock and rotated
clockwise after the M 7.3 mainshock on the Futagawa fault segment. The stress rotation suggests a small
magnitude of deviatoric stress in the source area, which indicates a small friction coefﬁcient on the
seismogenic faults. In addition, a generally small value of friction (~0.4) on the faults is obtained by the
stress inversions, indicating that the faults in the Kumamoto earthquake area are weak. The fault
weakening may be caused by the arc magma and ﬂuids ascending from the mantle wedge associated with
the dehydration reactions of the subducting PHS slab.
Figure 12. Temporal variations of (a) azimuth of the σ3 axis and (b) the stress ratio (R) for the eight time windows shown
in Figure 8. The vertical bars denote the uncertainty of the azimuth and R.
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